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Introduction. Spot welding is one o f the most practical and reliable methods for fixing thin metal sheets together. One of the desirable characteristics of spot welding techniques is its application in robotization. Hence, spot welds are widely applied to produce thin sheet components, especially in the automotive and transport industries. Fatigue is one of the critical problems in the design of spot welds. The required local stress and strain parameters in welded joints are commonly obtained via calculation, measurements and experimental based results [1] . The local stresses, in turn, induce stress concentration, which can be assessed using plate or shell model assumptions. Alternatively, finite element methods (FEM) are used for local stress-based fatigue prediction, e.g., using the Neuber [2] , the M olski-Glinka [3] [4] , the volumetric approach [5] [6] , etc.
Three-dimensional finite element (3D FEM) stress analysis is applied to the most spot-welded joints, including tensile-shear, cross tension and peel-coal ones [7] [8] [9] [10] [11] [12] . In this study, elastic-plastic 3D FEM analysis is applied to modeling of the mechanical behavior of mono point, triple points and multiple points in tensile-shear spot welds. The gap effects between two thin sheets are accounted for and compressive behavior of spot-welded joints is investigated.
To take into account spot welds, which are generally very small relative to other dimensions o f welded joints, the main problems are a small sheet thickness and existence o f stress concentration at the edges of nuggets, which are very sensitive to geometrical dimensions o f spot welds (i.e., nugget diameter, small sheet thickness, etc.) To obtain exact and reliable distribution o f the local stresses and strains at spot welds in three-dimensional case is usually very difficult due to a specific geometrical configuration of these spots. Hence, many assumptions based on application of beam elements, shell elements and combination o f these two elements are proposed. For example, plate strip model, continuous beam model, combination o f shell and solid elements for thin plates and nuggets, respectively [13] , and application o f a single beam [14] can be considered as the most practical methods (Fig. 1 ) .
The most reliable and exact methods for determination of stress distribution in tensile shear spot welds are restricted to 3D FEM analyses.
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Finite E lem ent M odel D escription. We perform FEM analysis for three specimen configurations involving a mono point, triple points, and multiple points spot-welded joints (Fig. 2) . Due to symmetry, only one-half of spot-welded joints is considered. Solid elements with 20 nodes are used, and the ANSYS software is applied for linear and nonlinearcalculations. One end o f specimens is fixed, while the other end is loaded in longitudinal direction of spot-welded joints by tensile or compressive loads. FEM analysis takes into account the material and geometrical nonlinear behavior of mono point spot-welded joint, which leads to their large-scale rotation displacements in their deformed shapes [13] . For triple and multiple point cases, the rotation phenomenon is less manifested, and thus the geometrical non-linearities can be neglected. To obtain more realistic and reliable FEM analysis, it is critical to know the actual material properties and behavior. The cyclic stress-strain curve, which contains stiffening and hardening features o f material, is very suitable for stress calculation via FEM analysis. The stress-strain curve for the material under study is shown in Fig. 3 [15] .
C yclic stress strain curve
Ae Fig. 3 . Cyclic stress-strain curve and the material parameters: cyclic strain hardening exponent and coefficient n' and K ', respectively.
The material properties are: Young's modulus E = 205,000 MPa, Poisson's ratio v = 0.28, yield stress o j = 299 MPa, and the ultimate stress o u = 431 MPa. As seen from Fig. 2 , the nugget is very small relative to the specimen length and width. Therefore we use a sub-modeling technique, in order to obtain the local stresses and strains at the nugget edge. In Fig. 4 , the typical mesh and geometrical dimensions of the spot weld incorporated into the sub-modeling method are presented.
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2R d 2. A pplication of Sub-M odeling M ethod in Spot-W elded Joints. The sub-modeling technique overcomes the scale difference problems, discussed in the prevoius sedction and thus makes possible to get more accurate results in the required region o f the FEM model. The cut boundaries for sub-modeling technique are presented in Fig. 5 . These should be located far enough from the stress concentration zone, i.e., radii of the cutting boundaries for spot welds should be twice higher than that of a nugget. Sub-modeling reduces, or even eliminates, the need for sophisticated transition regions in solid FEM models and allows one to optimize mesh density of the required region. However, sub modeling applications are restricted to solid element models and cut boundaries' distances from the stress concentration zones. The cut boundaries need to be far enough from the hot-point stress zones, otherwise considerable errors in FEM results for considered models are likely to be obtained. Therefore, it is necessary to provide the comarative analysis of stress distributions obtained for the cut boundaries using the sub-model and the full-sized model and check the calculation accuracy. The cut boundary planes for tensile-shear spot-welded joint are shown in The comparative analysis o f three tensile shear spot welds, including mono point, triple points and multiple points (see Fig. 6 ) demonstrates that the sub-model has a suitable accuracy and its cut boundaries are located far enough either from the high level stress locations and the hot points. Hence, the application o f sub-modeling is expedient for the reliable analysis of the stress concentration zone near the spot-weld edges.
3. Stress D istribution near Spot W elds in Tensile Shear Spot-W elded Joints. The stress distribution for tensile shear spot-welded joints is the basis of spot weld design. Figure 7a presents the basic diagram o f spot weld stress analysis: the stress values are given for left to right direction o f spot welds. Figure 7b shows the distribution in thickness direction of stresses, which are generated as a combination of bending and tensile stresses at the edge o f spot welds.
The stress distribution in longitudinal direction of spot welds for three tensile-shear spot welds, which is presented in Fig. 8 , can be subdivided into three zones. Zone I covers the stress evolution in the lower plate, while zone II and zone III correspond to the stress distributions in the nugget and upper plate, respectively. The peak stress locations are at the end o f zone I and at starting point o f zone III. Nugget center distance (mm) Fig. 7 . The typical stress distribution near spot welds: (a) stress distribution in longitudinal direction for upper plate and lower plate as anti-symmetric form; (b) stress distribution in plate thickness direction (kt is elastic stress concentration factor, amax is the maximum stress, and ag is the net stress). In Fig. 8 , three types o f tensile-shear spot-welded joints are compared. The elastic stress concentration factor k t has two tensile and two compressive peaks. The comparative analysis of Fig. 8 reveals that triple points and multiple points exhibit a similar mechanical behavior, whereas addition o f two more spot welds (multiple points) yields no high strength improvement as compared to triple points. Moreover, stress values in the boundary condition at the edge of a spot weld are less than the respective loads applied to the opposite side. Therefore, failure always occurs from the side where the load is applied. The stress distribution in thickness direction of thin plates is also critical. The initial cracks are formed at the edge o f spot welds. In plate thickness direction, stress evolution depends on two major factors: 1) tension and 2) bending effects. The bending stresses are generated because o f eccentricity, which naturally exists in these kinds o f connections. Evidently, the tensile-shear spot-welded joints bending stresses depends on the applied forces, sheet thickness and gap between two thin plates. In Fig. 9 , stress distribution in thickness direction is shown. High stress values are formed at the edge of nugget, and the stresses change their sign to negative at the neutral axis in plate thickness direction. Fig. 9 . Elastic stress concentration factor evolution along plate thickness direction from inner side to upper side for spot-welded joints.
Noteworthy is that the strength o f spot welds plate thickness direction is controlled by the gap between lower and upper plates. Insofar as the ratio between the gap and the plate thickness is considerable even for a small gap, the latter cannot be neglected in the stress analysis and design. Incorporation o f gap effects in FEM finite element models make a great difference in design of spot welds. Figure 10 shows the gap effect for mono point tensile shear spot-welded joint. Fig. 10 . The maximum structural stress evolution for elastic and elastic-plastic analysis due to gap variation in mono spot-welded joint case (M = F (t + S) = Ft(1+ S/1)).
Hence, consideration of gap is essential for the estimation o f fatigue strength of tensile-shear spot welds, although it is neglected the most researchers, e.g., [8] [9] [10] [11] [12] . Incorporation of the gap parameter d in our 3D FEM analysis of tensile-shear spot-welded joints has revealed that this effect is the most pronounced in the case o f mono spot-welded joint. In the current study the gap value is 0 . 1 2 mm and all calculations are based on experimental observation of selected specimens. As the stress distribution around spot welds is elastic-plastic, the cyclic stress-strain curve is used for calculations. As seen from Fig. 11 , the stress relaxation in plastic zones near high stress location occurs, and a max depends on the elastic-plastic stressed state. The elastic-plastic stress distribution in sheet thickness direction is given in Fig. 12 . Here the same pattern as in the elastic case is observed: There are peak stresses as well, and tensile stresses change into compressive ones. However, in the elastic-plastic case, the neutral axes of triple and multiple spots approximately coincide, while mono spots are characterized by a larger tensile zone.
4. Com pressive Loading Conditions for Tensile-Shear Spot-W elded Joints. The spot welds are generally applied for connection of two thin plates. Due to small thickness of these joints, their applicability is restricted to certain specific cases. The mechanical behavior of tensile-shear spot-welded joints under compressive loading conditions is critical for estimation of their application range. However, mostly tensile loads are currently accounted for in the application of spot welds (e.g., in automobile industry, for many types of thin sheet connections). In operational conditions, compressive loads can be experienced by spot-welded structures. Therefore, the buckling effect can occur in tensile-shear spot-welded joints. We took this effect into account in the present 3D FEM analysis. Due to similarity between fixed-fixed ends and all the joints under study, this type o f buckling is modeled in order to estimate that of tensile-shear spot-welded joints (Fig. 13) . Fig. 13 . Schematic representation of critical buckling load for fixed-fixed ends (L, b, and t are the n 1EI n 1Ebti plate length, width, and thickness, respectively; Pcr = r rx1 = -~i -).
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It is evident from Fig. 14 that the first buckling mode is the most typical for all three spot-welded joints under study. The critical buckling loads for the three tensile-shear spot welds obtained from the 3D FEM analysis using the ANSYS software are summarized in Table 1 . It is noteworthy that the critical buckling load for fixed-fixed ends can be easily calculated using the available input data [16] [17] .
As seen from Table 1 , all spot-welded joints under study have a higher buckling resistance tant a plate with fixed-fixed end conditions, but the critical buckling load capacity for triple points is the highest. The major parameter in buckling analysis is geometrical characteristics. The comparison between triple and multiple points spot-welded joints in Fig. 2 , indicates that the distance between triple joints in longitudinal direction o f spot-welded joint is two times relative to multiple-points. Due to this geometrical effect, unbraced distance for triple points is less than multiple points spot-welded joints. Hence, the major geometrical parameter, which has a great effect in buckling capacity of spot welds can easily be distinguished. Other parameters such as plate thickness, nugget diameter and number o f spot welds is also important to verify compressive behavior o f tensile-shear spot-welded joints, but the most effective geometrical parameter in buckling capacity of spot welds is distance between spot welds or unbraced distance. In Fig. 15 , the braced and unbraced distances for buckling capacity analysis are shown. Table 1 The Critical Buckling Load and Effective Length for Three Different Types of Spot-Welded Joints Fig. 15 . Braced and un-braced length for three spot-welded joints (mono point, triple points, and multiple point's tensile-shear spot-welded joints).
The braced and unbraced distances are very important to manipulate compressive behavior o f spot-welded joints, and it is shown in Table 1 that the number of spot welds improves the buckling capacity o f tensile-shear spotwelded joints, while the unbraced length augmentation results in a lower buckling capacity. Although multiple spot-welded joints have two additional spot welds, their buckling capacity is less than that of triple ones. This can be attributed to the unbraced and braced length effects. The distance between spot welds in tensile behavior is also important, but manifests a different behavior pattern. The braced length in all spot-welded joints provides a rigid section and if the braced length is long, the rigid section increases, which require higher force values to obtain the buckling conditions. Hence, the lowest buckling capacity can be expected from mono point spot-welded joints. And the highest one -from lap welded joint.
In addition to the buckling effect, we have studied the post-buckling behavior o f spot welds. The nonlinear buckling analysis is required to investigate the post-buckling conditions o f all three mentioned spot-welded joints. The rotation o f spot welds is the most critical parameter in their post-buckling analysis. In Fig. 16 , the post-buckling behavior of three selected spot-welded joints is shown. Here the angle between two thin sheets (20) changes with the compressive axial load. . Post-buckling analysis of selected tensile-shear spot-welded joints with the same spot weld configuration.
As seen from Fig. 16 , the rotation of mono point spot-welded joint occurs even at low compressive loads. Hence, joint rotation based on compressive loads for mono spot-welded joints is more noticeable. The experimental results for tensile-shear spot welds demostrate the same pattern [18] . The triple and multiple points produce less pronounced joint rotation as compared to the mono points, which can be related to the respective number o f spot welds and their locations.
5. F ra ctu re M echanics A pplicability to Spot-W elded Joints. The results obtained from this study suggest that tensile-shear spot-welded joints exhibit different mechanical behavior in tension and compression. The spot-welded joints study can be subdivided into low-cycle fatigue (LCF) and high-cycle fatigue (HCF). The crack initiation and propagation occur in the heat-affected zone (HAZ) and base metal within the LCF and HCF ranges, respectively. Low axial loads correspond to the HCF range and, consequently, cracks initiate and propagate in the HAZ. Alternatively, high axial loads lead to initiation and propagation o f cracks in the base metal, which makes possible application o f the fracture mechanics to tensile-shear spot-welded joints. Various formulas for the stress intensity factors in such joints have been derived [19] [20] [21] . However, the available fracture mechanics approaches and SIF formulas for spot-welded joints are not applicable to crack initiation in the HAZ and for the LCF analysis [22] [23] . Therefore, the proposed elastic-plastic 3D FEM analysis can be used as a tool o f further expansion into this field.
Conclusions
1. Three-dimensional mechanical behavior o f tensile-shear spot-welded joints has been studied for three spot-welded joint types, including mono point, triple points and multiple points. FEM solutions of stress fields in the spot welds are obtained for elastic, elastic-plastic, buckling and post-buckling loading cases. The application of sub-modeling technique yielded more accurate and less time-consuming numerical results than conventional FEM meshing schemes.
2. The stress distributions near spot welds in longitudinal and thickness directions have been analyzed, the critical point being the toe o f spot welds. The mono point case, due to its specific configuration and a large plastic zone, exhibits a high joint rotation and a complex deformation pattern, while triple and multiple points produce less joint rotation and are more preferable for application from this standpoint.
3. The mechanical behavior o f triple and multiple point spot-welded joints are very close to each other in tension and compression. Hence, they have similar strain and stress distributions, which suggest similar fatigue behavior. The stress distribution in thickness direction reveals that a combination of the axial stresses and bending stresses controls the stress distribution pattern and mechanical behavior o f the joints under study. The gap existing in spot welds raises the stress concentration factor at the toe o f spot welds. Low thickness of sheet metals has a significant influence on the stress distribution at spot welds. The gap effect results in a higher bending moment, and consequently, in higher tensile stresses and larger plastic zones, which reduce the fatigue life and load-bearing capacity of spot-welded joints.
4. The buckling capacity o f spot-welded joints has been studied. The comparison between the chosen specimens and fixed-fixed end beam shows that the larger number o f spot welds results in a higher buckling capacity of spot-welded joints, but such factors as braced and unbraced length play their role as well. Post-buckling behavior of spot-welded joints has also been studied and explained within the framework o f the proposed approach.
5. Finally, such parameters as the number o f spot welds, spot-weld diameter, plate thickness, distance between spot welds or braced distance and gap between two thin sheets are shown to be crucial for the reliable design of spot-welded joints. The special emphasis is made on the gap effects, which are neglected in recent publications, but are shown to deteriorate the mechanical behavior for spot-welded joints. Another aspect o f this problem is development of an adequate model of processes in the heat-affected zone for the low-cycle fatigue life prediction o f spot-welded joints.
Резюме
Виконано тривимірний скінченноелементний аналіз зразків з одним, трьома та п 'ятьма точковими зварними швами в умовах розтягу і стиску. Для розрахунку на міцність використовується розподіл пружно-пластичних на пружень у корені точкового шва. Запропоновано методику субмоделювання, що дозволяє отримати більш точні результати скінченноелементного роз рахунку точкових швів малих розмірів. Схема числового розрахунку дає можливість враховувати параметри матеріалу і геометричні нелінійні ефек ти, зумовлені наявністю зазору між тонкостінними пластинами, їх випи нанням і т.п. Проаналізовано пружну і пружно-пластичну поведінку зразків із різною конфігурацією зварних швів при навантаженні розтяжними і стискальними осьовими зусиллями.
